An analysis has been performed to investigate the limits of high field commercial tokamak reactors. Variations of maximum mechanical stress, major radius and performance parameter B 2 a (where B is the magnetic field on axis and a is the minor radius) were investigated to evaluate the potential impact of higher strength structural materials and higher field superconductors. For fixed values of major radius and stress, tokamak parameters were chosen to optimize machine performance. Increasing values of allowable stress correspond to decreasing capital cost, and may be an effective approach to economical commercial fusion. The prospects of using very high strength structural materials to provide sufficiently high field for ohmic dominated heating to ignition in power reactors with major radius -6 meters are discussed. 
I. Introduction
Significant physics and engineering advantages may be obtained by operating tokamak reactors at very high magnetic fields. 1 High field operation could provide capability for high nr in relatively modest size plasmas, as well as strong ohmic heating. It could allow relatively low current operation, provide high wall loading in DT plasmas with low 3 and compact size, and make possible advanced fuel operation with moderate values of 3. Super High Field Tokamak reactor design concepts have been proposed to exploit these advantages. 2 3 ' 4 Although high field operation makes the toroidal field magnet design more difficult, it could simplify the engineering of many other systems. Strong ohmic heating could greatly reduce or possibly eliminate startup auxiliary heating power requirements. Current drive requirements could be significantly reduced in two ways: (a) lower current requirements for sufficient nr due to high aspect ratio operation and, (b) more efficient current drive, such as improved lower hybrid current drive efficiency due to better accessibility." 5 Low 0 operation might also reduce the need to finely tune and shape the plasma, thus simplifying the plasma magnetics and reducing problems due to disruptions. Furthermore, if high field operation provides adequate confinement for tritium-lean or advanced fuel operation 6 , it could substantially simplify the blanket design by reducing the required tritium breeding ratio.
II. Limit Analysis
It is natural to ask about the limits of this approach. To assess the point of diminishing returns of high field operation, a limit analysis has been performed.
This analysis considers the impact on tokamak reactors of extrapolations of the maximum stress in structural materials and the maximum field at which a superconductor can carry adequate current density. The maximum allowable stress has been extrapolated to 1.5 GPa, and the maximum field with current to 39 T. of operating with an allowable equivalent tensile stress greater than 2 GPa. However, as there is no experimental database to demonstrate that these materials are compatible as composites, a less aggressive extrapolation philosophy has been employed. Our approach is to assume the development of laboratory materials to usable, commercial products. On this basis, the materials described above provide an allowable stress in the neighborhood of 1.5 GPa.
III. Performance Parameter B 2 a
The comparison of reactors requires a goodness parameter that quantifies reactor performance. Using Neo-Alcator scaling for ohmically heated plasmas where B is the toroidal magnetic field, a is the plasma minor radius and T is the plasma temperature. For pure ohmic heating,
Ph-==1 -== T,, ~ (B2 a)i (2) PLoss
where Tq is the maximum temperature achievable with pure ohmic heating. Thus,
TO scales with B 2 a.
Under certain circumstances, the confinement parameter n-r also scales with B 2 a. The plasma density is constrained by the Greenwald limit" and f limit.
The scaling for density is
where 3 is the plasma beta. With Neo-Alcator confinement scaling, the Greenwald limited case becomes n7r ~ B 2 a/q,.
Since the maximum temperature from ohmic heating scales with B 2 a, high B 2 a tokamaks may require minimum auxiliary heating power. 
Although P, is also limited by first wall material properties, B 2 a again plays an important role.
IV. Parametric Studies
Parametric analysis was performed to determine the effects of increased reactor size and allowed stress level on the performance parameter B 2 a. The assumed input parameters which are constant for all parametrics can be seen in Table 1. A plasma -TF coil distance of 1.4 m will allow tritium breeding and sufficient reduction of the neutron flux into the magnet for at least 30 years of magnet operation. Owing to very large forces in the TF coil, the current density in the TF coil, JTF, is less than that in the ohmic heating coil, JOH. The maximum field in the ohmic heating coil, BOH, could be increased to the limit value of ~ 39 T, however substantial reductions in the required area would not be obtained. The inductive capability indicates the number of seconds the OH coil is capable of driving the plasma without other forms of current drive. For a combination of allowed stress level and major radius, the field strength, minor radius and aspect ratio are chosen such that the reactor performance B 2 a is maximized. Figure 1 plots B 2 a vs. major radius at the limit stress a = 1.5 GPa. This stress represents the average equivalent stress in the TF coil structural material.
This shows the smallest major radius that may ever achieve a given level of reactor performance. For example, if it is found that B 2 a= 250 T 2 m provides ohmic ignition, then a major radius of ~ 6 m is required to achieve this goal.' 8 Figure 2 shows the toroidal magnetic field strength at the coil (B,) and at the plasma (B 0 ) as a function of major radius for a = 1.5 GPa. The superconductor must be able to carry adequate current density at B, for the corresponding reactor in Figure 1 to be built. If it were ever desirable to build the largest machine indicated, R. = 10 m, Pthermal,blanket =10 GWth (at maximum density, see Figure 3 ), the required field at the coil is 31 T. This is achievable today in the laboratory with Nb 3 (AI,Ge), 8 and could thus preclude the need for the less developed PbMo 6 S 8 and the high temperature perovskites (although there may be other advantages to operating superconducting magnets at higher temperature).
Furthermore, for a reactor of more reasonable size (R,=6.0 m, Ptherma,blanket =2.3 GWth), the required field at the coil for optimum B 2 a is 27 T; the strength of structural materials and not the properties of the superconductor limit the field. 
where K is the plasma elongation, while the 3 limit was fl(%) ~-3I/aB,,
where I is the plasma current in MA. The wall loading limit due to first wall material properties may be the dominating limit for R, greater than about 3 m. 1 8 or at least ohmic dominated ignition,1 might be obtainable. The upper curve assumes that the stabilizer material (usually copper) supports a stress of 300 MPa (as assumed in Figures 1-6 ). The lower curve shows the impact of a high strength stabilizing material, such as CuNb or Al-SiC. This curve assumes a stabilizer stress level of 800 MPa. Thus the combination of high strength, low resistivity materials for magnet stabilization and protection and very high strength structural materials may allow a reduction in the size of the tokamak.
This is further seen in Figure 8 . As the allowed stress level increases from about 640 MPa to 1500 MPa, the required plasma volume is reduced by a factor of 3. If the allowed stress level in the structure can be increased from 1.5 to 2
GPa, and the stress in the stabilizer increased from 300 to 800 MPa, then the major radius of the tokamak can be decreased from 6 m to 5.5 m, thus providing a substantial cost savings. As the major radius decreases further, the rate of increase of the required stress level eventually becomes infinite. 
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